The contamination and distribution of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) from two agricultural 5elds of a heavily polluted lake area in China (Ya-Er Lake) are presented. The vertical distribution pattern of total PCDD/Fs in soil cores reveals that the maximum concentration was in the layer of 20+30 cm. The concentrations in the top layer of soil at the two sites were similar (17.48 ng/kg at Site 1 and 18.10 ng/kg at Site 2), but the maximum concentration of Site 1 (120.8 ng/kg) was two times higher than that of Site 2 (64.39 ng/kg). The maximum concentration of PCDD/Fs in mud cores in rice 5elds (0+50 cm) at Sites 1 and 2 was in the layer of 0+10 cm. The maximum PCDD/F concentration in the top layer in mud at Site 1 (203.1 ng/kg) was higher than that at Site 2 (143.3 ng/kg). Signi5cant correlations were found between the mud PCDD/Fs and the organic carbon content (R ‫؍‬ 0.9743, P < 0.05 at Site 1; R ‫؍‬ 0.9821, P < 0.05 at Site 2), the two variables being highly correlated (R ‫؍‬ 0.9049, P < 0.05, at Site 1; R ‫؍‬ 0.9916, P < 0.05 at Site 2). All correlation coe7cients were signi5cant at the 95% level. Concentrations were highly correlated with organic carbon, indicating that sorption to organic carbon was the dominant mechanism. Using principal component analysis, the homologue pro5les of soil, mud, and plants (rice and radish) were compared. The PCDD/F patterns in plants were found not to be correlated to those in soil and mud. This suggests that atmospheric deposition may be the main source of PCDD/Fs in rice grain. However, mixed exposure involving uptake mechanisms and atmospheric deposition is considered main the source of PCDD/F pollution in radishes.
INTRODUCTION
Over the past several years, considerable interest has centered on environmental behavior of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) (Fletcher and McKay, 1993; Brzuzy and Hites, 1995) . Among them, 2,3,7,8-TCDD is known as a human carcinogen and has been implicated as a potent endocrine disrupter for humans and other animals (Safe, 1990; IEH, 1995; Mocarelli et al., 1996) . Therefore, it is important to understand the environmental behavior of PCDD/Fs, such as its distribution and partition in agricultural "elds.
PCDD/F mobility into soils is controlled by the equilibrium sorption/desorption process among several environmental compartments (air, water, mineral and organic matter) (Hagenmaier et al., 1992; Fletcher and McKay, 1993; Brzuzy and Hites, 1995; Wagrowski and Hites, 1998) . For nonpolar organic compounds, the equilibrium favors sorption to organic carbon in soil. Soil distribution coe$-cients (K ) for PCDD/Fs can be predicted from K values, which range from about 10 to 10 (Mackay et al., 1992) . These high distribution coe$cients suggest that PCDD/F sorb strongly to soils with typical organic carbon concentrations. Because PCDD/Fs are nonpolar and nonionic, the pH of the soil does not a!ect the sorption process (Bake et al., 1986; Endicott and Cook, 1994) .
Ya-Er Lake is located in the eastern part of Wuhan, Hubei, Province, China. Before 1962, Ya-Er Lake was an oligotrophic lake. From 1962 to 1978, the lake was seriously polluted by the e%uents hexachlorocyclohexane (HCH) and hexachlorobenzene (HCB) from a large chemical plant. In 1979, a series of "ve ponds (Pond 1 to Pond 5 from pollution source) were built for e%uent treatment by self-oxidative puri"cation (Wu, 1999) . In the past 10 years, the chemical e%uent changed to PVC and other chlorinated chemicals as a result of chloralkali electrolysis. Therefore, the pattern of PCDD/Fs in the e%uents from the plant also changed. The regional soil in this area is the yellow-brown type. It is a kind of natural transition soil. The sedimentary layer in the middle is very sticky and the original soil in the lower layer is slightly acidic in nature. The present study examined PCDD/F distribution patterns in the di!erent soil layers and di!erent plants from cotton and rice "elds in this heavily polluted agricultural area around Ya-Er Lake. The PCDD/F pro"les and individual concentrations have been linked to organic carbon and historical distribution.
MATERIALS AND METHODS
Rice was growing in the mud at Site 1, while radishes were growing in the soil at Site 2. The distance between Site 1 and Site 2 is about 3 km. Site 1 is 1 km from Ya-Er Lake. About 1 kg rice grain and radish were collected in September 1997. Thirty grams of each sample was placed in liquid nitrogen for freezing and then pulverized in an ultracentrifugal mill (Retsch, DW-5657 Haan 1, Germany), equipped with a 2-mm-diameter sieve at 4000 rpm. The resultant powder was mixed with 40 g anhydrous sodium sulfate and 20 g seasand. Soil and mud cores were collected from the cotton and rice "eld at the two sites in September 1997. The sampling locations are depicted in Fig. 1 . The sampler was equipped with a stainless tube. It consisted of a stainless iron pipe (1 m in length, 6.5 cm i.d.) and a heavy-duty iron hammer. The pipe was half-opened in the middle and had a sharp end. When it was struck downward vertically by striking with the hammer, the soil or mud was collected. After sampling, the cores were immediately sliced into several layers with a Te#on knife; each layer measured 10 cm. The total depth of each core was 50 cm. The soil and mud samples were weighed, freeze-dried, and then measured by HP TOC analysys to determine TOC.
The sample preparation (including plants, soil, and mud), clean-up, and quanti"cation of PCDD/Fs were carried out by the following steps:
(1) Preparation. The collected samples were freezedried and pulverized; 20}25 g of sample was Soxhlet-extracted with toluene (180 ml) for 24 h. Prior to the extraction, each sample was spiked with C labelled 2,3,7,8-substituted PCDD/F standard.
(2) Clean-up. Puri"cation was achieved by several liquid chromatographic steps, which are described as follows:
(a) 25 g alumina, basic, superactive at 50}200 m, covered with 20 g sodium sulfate (anhydrous), wet-"lled with n-hexane, and prewashed with 100 ml n-hexane, followed by 40 ml benzene; sample was eluted with 80 ml benzene, 200 ml n-hexane/dichloromethane (98/2, v/v), and a third fraction of 200 ml n-hexane/dichloromethane (50/50, v/v), which contained the PCDD/F congeners; fraction was evaporated (100}50 kPa, 603C) to a volume of 2}3 ml.
(b) Mixed column wet-"lled with n-hexane from bottom to top with 4 g silica, 10 g silica (44% conc. sulfuric acid w/w), 2 g silica; silica type was active at 100}200 m; 142 column was prewashed with 100 ml n-hexane; elution was done with 245 ml n-hexane and elute was evaporated (55 kPa, 603C) to a "nal volume of 2}3 ml.
(c) Fluorisil (15 g, pesticide analysis grade) column wet-"lled and prewashed with 200 ml n-hexane; elution was performed with 200 ml n-hexane, followed by 300 ml dichloromethane; latter fraction collected containing PCDD/Fs was evaporated (100 kPa, 603C) to 1}2 ml. All columns were topped with anhydrous Na SO . (d) Clean extract was stepwise transferred into a microvial and evaporated to dryness under a gentle stream of nitrogen; 20 l tetradecane containing the recovery standard (1,2,3,4-C Cl DD, 100 pg/ l) was added to the microvial for GC/MS analysis.
(3) Quantixcation. The identi"cation and quanti"cation were accomplished with a capillary high-resolution gas chromatography (HRGC)/HRMS system. An Rtx-2330 capillary column (60 m in length, 0.25 mm, i.d., 0.1 m df; Restek Co). was applied. The temperature program was as follows: 90 (1.5 min) to 1803C (10 min) (253C/min), then to 2603C (30 min) (23C/min). The injector was programmed as follows: 120 (0 min) to 2803C (10 min) (123C/s), then to 3003C (10 min) (123C/s). The column head pressure was 100 kPa. The interface was heated to 2603C. The PCDD/Fs were identi"ed by mass spectrometry in the EI mode by tracing M>, (M#2)> ions or the most intensive ions of the isotope cluster. The measurement was conducted at high resolution (R"10,000) on a Finnigan MAT 95s HRGC/HRMS system. Details including the validation and quality assurance of the method are described elsewhere (Wu et al., 1998) .
PCA (SIMCA 6.0 for Windows) was performed to compare the PCDD/F homologue pattern of plants and di!erent layers of soil. The data were normalized by dividing the homologue concentrations by the total PCDD/F concentration to obtain percentage values.
RESULTS
The concentrations of PCDD/F in the "ve layers of soil cores from cotton "elds (0}50 cm) at the two sampling sites (Site 1 and Site 2) are found in Tables 1 and 2 . There were more PCDFs than PCDDs in all layers at Site 1, but at Site 2, there were more PCDDs than PCDFs. At both sites, OCDD was predominant. The vertical distribution of total PCDD/F revealed that the maximum concentration was in the layer of 20}30 cm (Fig. 2) . The concentrations in the top layer of the two sites similar (17.48 ng/kg at Site 1, 18.10 ng/kg at Site 2), but the maximum concentration of Site 1 (120.8 ng/kg) was two times higher than that of Site 2 (64.39 ng/kg). Tables 3 and 4 show the PCDD/Fs from the mud core (0}50 cm) of the rice "elds. The maximum concentration at both sites was in the top layer (0}10 cm). Furthermore, the maximum concentration of PCDD/Fs in mud at Site 1 (203.1 ng/kg) was higher than that at Site 2 (143.3 ng/kg). Figure 2 depicts the vertical concentration trend in the mud core. At both sampling sites, in the mud cores there were more PCDFs than PCDDs in the layer of 0}20 cm, but in the deeper layer (20}50 cm), there were more PCDDs than PCDFs. Table 5 lists the PCDD/F concentrations in rice and radish from the di!erent sampling sites. Di!erent PCDD/F sources were re#ected by the di!erent homologues. When the PCDD/F homologue pro"les were compared using PCA (Fig. 3) , the "rst two principal components represented 91.8% of the variance at di!erent depths in soil, mud, and plants (rice and radish). The "rst component represents 58.8% of the variance, and the second one, 33.0%. Three distinct clusters represent the di!erent PCDD/F compositions from pollution sources and historical loads among plants, mud, and soil cores. Figure 4 indicates that a signi"cant correlation can be established between the mud PCDD/Fs and the organic carbon content (R"0.9743, P(0.05 at Site 1; R"0.9821, P(0.05 at Site 2). Figure 5 shows the soil PCDD/F concentrations as a function of organic carbon content. As the plot indicates, the two variables are highly correlated (R"0.9049, P(0.05 at Site 1; R"0.9916, P(0.05 at Site 2). All correlation coe$cients are signi"cant at the 95% level. This indicates that organic carbon is an important factor in PCDD/F sorption in soil.
DISCUSSION
Site 1 is close to Ya-Er Lake, and farmers sometimes use the polluted water from the lake to irrigate their rice and cotton "elds; therefore the soil and mud surfaces at Site 1 have been seriously a!ected by waste water from industry. Site 2 is on hilly land, and PCDD/F pollution results mainly from atmospheric deposition. Due to the variety of the chemical products of the nearby chemical plant in the past decade, the patterns of PCDD/F pollution have not been constant. These di!erences are clearly demonstrated when PCDD/F pro"les are compared (Fig. 3) . The di!erent 144 . A zone: ls01}05 ("ve layers of soil core at Site 1), lm01}02 ("rst two upper layers of mud core at Site 1), zm01}02 ("rst two upper layers of mud core at Site 2); B zone: rd01}03 (three radish samples), rc01}03 (three rice samples); C zone: zs01}05 ("ve layers of soil core at Site 2), lm03}05(three down layers of mud core at Site 1), zm03}05 ("rst three down layers of mud core at Site 2).
PCDD/F patterns in upper and lower soil and mud layers can be explained by the fact that the upper layers have been polluted by recent PVC production e%uents, whereas the lower layers were polluted formerly by e%uents of hexachlorocyclohexane (HCH) and hexachlorobenzene (HCB) production. Site 2 had signi"cantly lower PCDD/F concentrations than Site 1 in the top layers of soil and mud cores. There can be two factors contributing to this distribution. First, PCDD/Fs reach the surface of soil and mud by wet and dry deposition. Particles with adsorbed PCDD/Fs on the surface of soil and mud can be dislocated horizontally by rainfall and soil cultivation, in principle in all directions, but preferably in the direction toward lower terrain at Site 2. Second, it seems that deposition to the soil has decreased, but it may be that the mud samples were a!ected by recent irrigation.
Because PCDD/Fs are highly lipophilic compounds, they can be strongly absorbed to soil and mud; therefore, the concentrations of PCDD/F in the upper layers were much lower than those in the deeper layers. Soil and mud exhibited di!erent sorption strengths at the various sampling depths depending on the organic carbon content. The PCDD/Fs and organic carbon content in the upper layers of the rice "elds (0}30 cm) were distributed almost homogeneously as a result of annual ploughing. There were considerable di!erences in the upper layers (0}30 cm) of the cotton "elds, re#ecting undisturbed natural strati"cation. The "ve mud layers at the two sampling sites had clear di!erences in PCDD/F concentrations between the top layer (with the highest organic carbon content capable of adsorbing PCDD/F quite e!ectively) and deeper layers, where only small amounts of PCDD/F could reach. More than 80% of the total PCDD/F amounts was found in the upper layers (0}30 cm) of mud cores. In the mud cores from Sites 1 and 2, PCDD/Fs had not been penetrated through 50 cm, and PCDD/Fs were mainly retained in the upper layers. The organic carbon content in mud was two times higher than that in soil. The high concentrations of PCDD/F in the top layer of mud indicate heavy loading from irrigation by the polluted water of Ya-Er Lake. The maximum level of PCDD/Fs was found in the subsurface layer (20}30 cm) of each soil core.
Rice was growing in the mud of Site 1, while radishes were growing in the soil of Site 2. In both rice and radish (Raphanus), the concentrations of PCDD and PCDF were at the same level, but OCDD concentration was higher than that of OCDF. The residual patterns of PCDD/Fs were di!erent in soil and mud from corresponding sites. PCDD/F concentrations in plants were not correlated to the level of soil contamination, suggesting that atmospheric deposition might be the main source of PCDD/Fs in plants. In soils, the extremely hydrophobic substances, such as chlorinated hydrocarbons, are very immobile and thus are not readily available for root adsorption or subsequent uptake MuK ller et al., 1994; Fries, 1995) . Transport of PCDD/Fs within plants is considered to be unlikely, even over long time intervals Alcock and Jones, 1996) . Plant uptake studies with 2,3,7,8-TCDD in growth chambers and 1,2,3,4-TCDD in greenhouse have demonstrated that volatilization from soil, rather than root uptake and translocation, is the main pollution source in plants (McCrady et al., 1990; Bacci et al., 1992) . However, results of recently reported "eld studies indicate that under outdoor conditions volatilization is of minor importance (Prinz et al., 1991; HuK lster and Marschner, 1993; MuK ller et al., 1994) . Atmospheric deposition may be the main source of PCDD/F pollution for rice grain growing in mud. However, radishes are more likely to take up PCDD/Fs from the soil, as has been found for other root vegetables (Schuhmacher et al., 1997; Domingo et al., 1999) . Homologue patterns for mud do not resemble those for soil, re#ecting mixed exposures from uptake mechanisms and atmospheric deposition.
